ABSTRACT : IF 5 -pyridine-HF, an air-and moisture-stable solid, can be used as a fluorination reagent for the introduction of fluorine atoms to the -position of the sulfur atom in sulfides. The desulfurizing-fluorination reactions of benzylic sulfides, thioacetals, and 2-(methylthio)-1,3-dithiane derivatives were also performed using this reagent.
Introduction
Organofluorine compounds are widely used, as medicines, pesticides, functional materials, and so on. 1 They are generally prepared artificially by using fluorination reagents because organofluorine compounds are rare in nature. Therefore, the role of the fluorination reagent is important for making the desired organofluorine compounds, and many fluorination reagents have been produced and used.
1b, 2 However, most of them are sensitive to air and moisture, and special skills and equipments are required for their use.
Therefore, more stable fluorination reagents that can be used without such skills and equipments are desired. 3 We previously reported fluorination reactions using IF 5 for the selective introduction of fluorine atoms to a substrate. 4 However, IF 5 is also unstable in air and decomposes, generating HF. During our continuous study of fluorination reactions using IF 5 , we found that upon mixing IF 5 with pyridine-HF (HF 50 mol% pyridine 50 mol%), an air-stable white solid was formed. 5 Herein, we report the fluorination reactions using this stable fluorination reagent, IF 5 -pyridine-HF. 6 
Results and discussion
Initially, we compared the reactivity of IF 5 -pyridine-HF with that of IF 5 . In the reaction of IF 5 with ethyl 2-(arylthio)propionate 1, a poly-fluorination reaction took place with the migration of an arylthio group to give ethyl 3-(arylthio)-2,2,3-trifluoropropionate 2 selectively. 4f On the other hand, when 1 was added to a suspension of IF 5 -pyridine-HF in CH 2 Cl 2 , 8 the color of the mixture changed to dark red, and mono-fluorination occurred at the -position of the sulfur group, giving ethyl 2-(arylthio)-2-fluoropropionate 3. Under these conditions, 2 was not formed at all (Scheme 1).
Scheme 1. Reactivity of IF 5 -pyridine-HF in fluorination of sulfide 1
In the reaction of decyl 2-arylthioacetate 4 with two equivalents of IF 5 -pyridine-HF, the mono-fluorinated product was obtained in 63% yield, with a 17% yield of the difluorinated product 5; it was difficult to obtain the mono-fluorinated product selectively. On the other hand, when four equivalents of IF 5 -pyridine-HF were used, 5 was formed selectively in 54% yield, and the yield of the mono-fluorinated product was only 3%. From 2-(arylthio)cyclohexanone 6, the mono-fluorinated product 7 was obtained in 76% yield, as shown in Table 1 . Mono-fluorinated product was also formed in 3% yield.
The desulfurizing-difluorination reaction of benzylic sulfide is one of the typical reactions of IF 5 .
4e When -(arylthio)-1,2-diphenylethanone 8 was subjected to the reaction with IF 5 at 0 °C for 5 h, the desulfurizing-difluorination reaction took place to give 2,2-difluoro-1,2-diphenylethanone 9 exclusively.
On the other hand, in the reaction of IF 5 -pyridine-HF with 8 under the same conditions, the yield of 9 was only 5% and formation of a new fluorine compound was observed. From chemical shift in 19 F NMR spectra, the new compound was estimated to be mono-fluorinated compound 10 9 and its yield was 63%. In the desulfurizing-difluorination reaction of 8, 10 was formed initially as a precursor of 9.
4e Therefore, in the reaction of 8 with IF 5 -pyridine-HF, the desulfurizing-difluorination was not yet completed under these conditions, and the reactivity of IF 5 -pyridine-HF was found to be lower than that of IF 5 (Scheme 2).
Scheme 2. Reactivity of IF 5 -pyridine-HF in desulfurizing-difluorination reaction of 8
Although the desulfurizing-difluorination reaction of 8 with IF 5 -pyridine-HF was slow at 0 °C, the reaction was completed at room temperature in 5 h, and 9 was obtained in 88% yield (Entry 1 in Table 2 ).
Similarly, the reactions of various benzylic sulfides (11, 13, 15, and 17) with IF 5 -pyridine-HF proceeded at room temperature or at 40 °C to give the corresponding desulfurizing-difluorination products (12, 14, 16, and 18) in good yields. The conversion of carbonyl dithioacetal to gem-difluoride is commonly used to introduce fluorine atoms selectively at desired positions in the molecules; many fluorination reagents have been used for this conversion. 10 Therefore, we applied IF 5 -pyridine-HF to the reaction with the carbonyl dithioacetal. The reactions of various 1-naphthaldehyde dithioacetals with IF 5 -pyridine-HF were examined. When the 1,3-dithiolane derivative was used, the desired gem-difluoride was obtained in 57% yield, and 1-naphthaldehyde was also formed in 10% yield (Entry 1 in Table 3 ). Similar results were obtained with the 1,3-dithiane derivative and bis(hexylthio)methane derivative (Entries 2 and 3). However, when the bis(phenylthio)methane derivative was used, the gem-difluoride was obtained in the highest yield of 74% (Entry 4). is also applicable to this reaction, and 2,2-difluoroadamantane 32 was obtained (Entry 7 in Table 4 ).
However, in the reaction with the bis(phenylthio)acetal of acetophenone, which has protons at the -position of the carbonyl group, the desired gem-difluoride was not obtained, but a complex mixture was formed. Isolation yield based on dithioacetal used.
The introduction of the trifluoromethyl group to an aromatic ring is an important reaction, and many methods for this have been reported. 11 We planned to make a trifluoromethyl compound by the reaction of the 2-methylthio-1,3-dithiane derivative 34 with IF 5 -pyridine-HF. The starting compound 34 was prepared from the 1,3-dithiane derivative 33 of an aromatic aldehyde by metalation with BuLi, followed by reaction with dimethyl disulfide.
12
The reaction of the 2-(methylthio)-1,3-dithiane derivative of 1-naphthaldehyde 34a with IF 5 -pyridine-HF was completed at room temperature in 12 h, and 1-trifluoromethylnaphthalene 35a was obtained in 78% yield. 13 When an electron-donating group was attached to the aromatic ring (34e), the reaction with IF 5 -pyridine-HF was fast and the reaction was completed in a shorter time. On the other hand, when an electron-withdrawing group was attached (34c), the reaction was slower and a higher temperature (40 °C) was required to obtain the trifluoromethyl product 35c, as shown in Table 5 . The application of the present method to an aliphatic aldehyde was not successful and the corresponding trifluoromethyl derivative was not formed by the reaction of the 2-(methylthio)-1,3-dithiane derivative of the aliphatic aldehyde with IF 5 -pyridine-HF. LDA was used as a base instead of BuLi.
Conclusion
IF 5 -pyridine-HF, prepared by mixing IF 5 with pyridine-HF, is an air-and moisture-stable white solid.
Although its reactivity is lower than that of IF 5 , it can be used safely for fluorination reactions such as the introduction of one or two fluorine atoms to the -position of the sulfur atom in sulfides, and the introduction of two or three fluorine atoms by the desulfurizing-fluorination reaction of benzylic sulfides, thioacetals, and 2-(methylthio)-1,3-dithiane derivatives.
Experimental section
General Methods. The melting points were measured with a Yanagimoto micro melting-point apparatus.
The IR spectra were recorded using a JASCO FT/IR-410. Preparation of pyridine-HF (HF 50 mol% pyridine 50 mol%). Pyridine-HF was prepared by the addition of freshly distilled pyridine to an equimolar amount of anhydrous HF at 0 °C. As it is highly exothermal, slow and careful additon of pyridine is required. More conveniently, it can be prepared by dilution of commercial pyridine-HF (HF 70w% pyridine 30w%) with calculated amount of pyridine at 0 °C.
It is also exothermal but milder. 
Preparation of IF
mixture was stirred at room temperature for 24 h. The resulting dark red solution was poured into water (20 mL) and extracted with CH 2 Cl 2 (20 mL X 3
2-[(4-Chlorophenyl)thio]-2-fluorocyclohexanone (7)
White solid; mp 54. 
Desulfurizing difluorination of a benzylic sulfide with IF 5 -pyridine-HF

2,2-Difluoro-1,2-diphenylethanone (9)
To a CH F NMR. Their yields were determined to be 5% (9) and 63% (10) by using fluorobenzene as a internal standard. During the isolation by silica gel column chromatography, 10 was decomposed and its isolation was failed.
Butyl 2,2-difluoro-2-phenylacetate (12)
IR ( 
N,N-Diethyl-2,2-difluoro-2-phenylacetamide (14)
IR (neat) 
4-(Difluoromethyl)-1,1'-biphenyl (22)
White solid. mp 71-72 °C (lit. 
Methyl 4-(difluoromethyl)benzoate (24)
White solid. mp 38 °C (lit. 
4-(Difluoromethyl)benzyl acetate (26)
9,9-Difluoro-9H-fluorene (30)
Methylthiolation of 1,3-dithiane derivatives
2-(Methylthio)-2-(naphthalen-1-yl)-1,3-dithiane (34a)
To a THF solution (6 mL) of 2-(naphthalene-1-yl)-1,3-dithiane (33a) (246 mg, 1 mmol) was added at -30 °C a 1.6 M hexane solution of BuLi (0.63 mL, 1 mmol), and the mixture was stirred at 0 °C for 1.5h.
Then, dimethyl disulfide (188 mg, 2 mmol) was added and the mixture was stirred at 0 °C for 2 h and at room temperature over night. The reaction mixture was poured into water (20 mL) and extracted with ether 
2-[(1,1'-Biphenyl)-4-yl]-2-(methylthio)-1,3-dithiane (34b)
2-(4-Isobutylphenyl)-2-(methylthio)-1,3-dithiane (34d)
IR
1-Isobutyl-4-(trifluoromethyl)benzene (35d)
IR (neat) 2960, 1327, 1124 cm 
